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Gentlemen:

"A special assignment under Task ASPO-5A imitiated work described in the- Task , i
Assigrment, "ILEM Descent Engine Plume-Surface Flow Interaction Characteristics". - - i
pending final release to TRW (ref. TRW 6510.4-90 dtd 23 May 66). ' This Task .
-AsBigrment was withdrawn on 30 Jun 64 with the requirenment -that the work accom--
plished be reported under Task ASPO-5A, The subject report satisfies this

- requirement’ and covers the initial analytical work on‘plume-surface flow .= - -
interaction, = . . ° R E '
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- In this analysis, the approximate normal shock locatién produced bty the inter-"
gction of the wacuum exhaust plume of a rocket nozzle and the lunai (flat)
surface was determined. The results of this study are suitable for preliminary -
analysis of the plume-surface interaction upon the LEM vehicle as it approaches
the lunar surface, and for lunar soil erosion estimates, This analysis (Phase I
of the proposed task) is considered adeguate for preliminary analyses of lunar
landing phenomenom, but results are increasingly in error: for increasing trans-
verse distances from the system center line » and at small value of h/r"e » the
normalized engine standoff height, ' o :
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INTRODYJCTION

The approxirrxate shock lo’cétion produced by the interaction of ¢
vacuum exhaust plume of 2 rocket nozzle and the lunar (ﬂat) surface was
determined. The surface was ta,ken to be placed normal to the centerlme
of the nozzle. The analysis presentpd by Roberts( ) was employed to

“locate the shock. The rocket exhaust plumes were computed by the method
of charactensucs\z) for a gas with a constant ratio of specific heats (vy).
The resulting centerline dens:ty and transverse density distributions from
the plume program were corpared with those presented by Roberts and
wera found to agree for distances greater than 3.0 nozzle exit radii,
Newtonian pressure distributions on the surface were computed from in-
formation generated by the plume Program as a function of the height of
the nozzle above the surface for four different c_ombmatxons of nozzle
geometry (cone and contox.ir)"and Y (1. 24 and 1, 28).

‘ The results of thzs study are suitable for prehmma.ry analys1s of the
effect of the plume-eurface interaction phenomenon upon- the LEM vehicle

ag’it approaches the lunar surface and the lunar soil erosion which occurs
~during landmg.

.This report summarzzes the analyses performed to approx 1mate1y o
- locate the shock layer resultmg from the nozzle- plume/lunar-surface
interaction. This effort was to form the first phase oi a program to ana-
~ lyze lunar landing plume-surface mteractmn phenomenon, Subsequent
. Phases of the study were to employ the Method of Integral Relations to
accurately analyze the ahock layer flows to determine the actual flow field
‘properties, e, g., density, pressure, velocxty, etc,, thhm the shock
layer and the ground shock location for both iiat and curved surfaces. The
results of this complete study would have allowed the accurate determin-
atzon of the lunar ground shock location and surface flow conditions durmg
normal lunar landmg for use in LEM landmg dyna.mxcs studies and lunar
surface erosion studies. The effort as been terminated at NASA's re- . B
quest at the c.ompletion of the Phase I effort summarmed in this report, ‘
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DISCUSSION

7 As thc- LEM veh;cle approacheo the lunar aurface with the Descent
Engme (LEMDE) operating, a shock layer will be iormed due to the-
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interaction between the rocket engine exhaust plume and the lunar su~face.
At some- pomt during the descent phase, the LEM vehicle landmg legs and
engine may intersect this shock layer, causing unsymmet*:.cal loads to be
imposed upon the vehicle. In addition, the lunar surface may erode daring
landing, resulting in a dangerous landing situation. Fundamental to all
lunar landing studies is the accu*ate determination of the plume surface
flow fieid. ’

The present analysm was performed to provide prelmnnary informa-
tion regarding the location of the shock layer with respect to the descending
LEM using the analysis presented by Roberts(l), Inherent to Roberts'

.analysxs is the assumption that the flow field variatles, dens1fy, pressure

etc,, vary in the 1ssumg rocket plume as if the nozzle were:a point sou rce
" Thus, Roberts' a.nalysxs is not valzd when the exit of the nozzle is "close”
. to the lunar surface and at ”large" distances from the centerlme of the
system, '

A comparison was first undertaken to determme how well the assumed
density distribution-axial and traneverse-predlcted by Roberts matches a.
correspondmg method of charactenst;c -solution of the plume(z) The re-

‘ sult*ng comparison ie depicted in Figures 1 and 2. Figure 1 is a plct of

’ the centerline density dzstr:lbutmns computed by both methods as a function
of the distance of the nozzle above the surface. Figure 2 shows the tians-
verse densny distributions for a value of h/r =100, An examination of

" both figures indicates that Roberts centerline dens1ty distribution agrees
with the cha,rar...enstxcs solution beyond an h/r, value of 3, The transverse
distributior.s show reasonable agreement at h/r, = 100. ’

- Based upon these conslderationa, the s‘hock'locations from Roberts
- Were computed for the following four combma.tmns of nozzle geometry and
(constant) ratio of 3pec1f1c heats, vy. '
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TABLE I

Nozzle Geometry and Ratio of Specific Heats

Nozzle Type » Y
Cone 1,24
Cone V _ - 1. 28
Contour 7 . ) 1,24

" - Contour - - . 1.28

The lip cornciitions of Mach number and flow aﬁgle of the contoured
nozzles were determined by a computer program('3) which found the opti-
mum contour which maximized the two,-di.mens'ionalqthrust coefﬁcieht for

" an expansion area ratio equal to the LEMDE (e= 47, 36). Two values of
Yy were employed due to the uncertamty in the appropriate choxce of Y
suitable for the LEMDE plume. The correspaading exit conditions for
the comnical nozzles were fourd by computmg tae cone expansion l1a,lf-ang1e
(21. 64°) that fits the present LEMDE envelope. Constant Mach number
maps for the four cases were processed by the plume program and are
reproduced as F1gures 3 through 6,

T‘xe four shock shapes were computed following the outlmed procedure, M
and are shown in-Figure 7. As mentioned above, Roberts' analyns is valid
~only for distances of the nozzle exit above the surface greater than some
critical dimension. Based on the LEMDE exit radius of 2, 383 ft, the
V "regzon of validity is tabulated below:

TABLE II

Limit of Applicability of Roberts' Analysis

Nozzle “ Y . ‘_}lcrit. £t o
“ Cone. 1,24 4,87
Come  L28 5,50
- Coatour ° B 1. 24 S 4.52
Contour . " 1,28 - 5,05
s y
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As can be seen from the above table, the limit of applicability of the analysis
is not-very far from the surface, i.e., 'the,analysis applies whenever the
nozzle exit is greater thar 5-6 ft above the lunar surface. An examination
of Figure 7 shows that the shock shape is concave upward near the axis,
r/hx 0, and becomes concave downward at greater transverse distances
from the axis of the flow field, A point of inflection exists because most
of the mas flux issuing from the exhaust noz zle is concentrated around ihe
noazle centerline, Thus, to satxsfy mass contmu1ty. i, e., the balancing
of the mass flux entering the shock layer with the carrespondmg flux within
the shock layer, the shock layer must possess this typical ""S'" shape, The
eff_ec/ts of lip conditions, flow angle and Mach number, as well as aspecific
heat ratio, may also be determined from Figure 7, '

The Newtonian pressure distribution along a flat surface was deter-
mined by employing the characteristic plume results. This procedure
assumed that the shock was parallel to, and coincident with, the surface,
i e., the shock layer was of infinitesimal thlckness. Thus, the surface
pressure distribution could be found by considering that the normal com-
ponent of momentum in the plume was converted into pressure using the .
following relationship:

Prn=P+ sz c:oaz

= 6 W

This procedure was employéd for values of the height of the nozzle al:;ove
the surface;, h, of h/re =1, 2, 5, 10, 20, 50 and 100 for the four combina-
tions of contour-y listed in Table I, and the results are shown in Figures
8-1, Since the actual resultmg shock layer is non-zero in thickness and
increases away from the stagnation point, the calculated Newtonian surface
pressure distribution becomes less accurate awa.ir from the axis. If it

is further assumed that the flow is essentially adiabatic, that is, no energy
transfer from the gas to the lurface,' then it is evident that the gas tempera-
ture at the stagnation point rises to ‘he combuation chamber value for a

- perfect gas and all flow properties along the surface streamline, h = 0, -
can be determmed from standard compressible flow relations!u‘m“)

Thus, first estimates can be obtained from the present analysis for a
boundary layer type of analysis of surface erosion phenome non.
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Although the present results are adequate for preliminary analyses
of lunar landing pPhenomena, the results are increasingly in error for in-
creasing transverase distances from the eystem cente rline and at small
values of h/r,, the normalized engine standoff height, In order to deter-
mine accurate shock layer locations and surface flows at small standoff
heights and away from the axis, an analysis such as was to be performed

in later phases of this study muast be performed.

A LI P st s a s

A S o e Ak (S




PR

// A : - _ — | ol

w | . | . /V/V Amzm-o:&l.

o _ DOW IWN14 WOWJ <

- . B Lo L T B s e e Al ; ar m b b S ek e xS b et B b N I RSN e R S .
T T e S e e it b ¢ et S RSN i s il it e
ey S A R S RS . . . . . ) .. . )




5.0

2.0

OM RORERTS
MO PLUME MmO C— ;

RYIN

2.0

¥ el

5.0

2.0

r.h

Figure 2. Transverse Density Distribution

Comparison, hire ® (00 (Cone, y = 1,24)
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NCMENCLATURE

distance of the nozzle above the lunar surface, ft
gas static pressure, lbf/ftz

Newtonian surface pressure, b/ £t

trangverse distance from the nozzle c;anterl‘ﬁ‘, it

éxit radius of the nozzle (= 2,383 ft for the LEMDE), ft
Gas velocity, ft/sec 7

ratio of specific heats, (= CP/cy)

gas streamline angle with respect to nozzgle certerline, degrees

gas density, lbm/ ft3
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